Background: Young children with sickle cell disease (SCD) are at risk for cognitive delay. In addition to biologic risk factors associated with SCD, environmental factors contribute to cognitive dysfunction within this cohort.
INTRODUCTION
Sickle cell disease (SCD) affects one in 500 African-American infants annually and approximately 100,000 people in the United States. 1, 2 SCD is caused by a point mutation in the beta globin gene that results in formation of hemoglobin S, which pathologically polymerizes into chains in its deoxygenated state, distorts red blood cell (RBC) shape, and ultimately leads to hemolysis, obstruction of micro-circulation, intravascular clotting, endothelial activation, and inflammation in all organ systems. 3 Common phenotypes of SCD include homozygosity for the sickle mutation (HbSS), compound heterozygous Hb S and Hb C disease (HbSC), 0 thalassemia (HbS 0 thal), and + thalassemia (HbS + thal). HbSS and HbS 0 thal are more severe clinical phenotypes, labeled sickle cell anemia (SCA) in clinical trials.
The neurologic burden of SCD is extensive, with pathophysiology of SCD often resulting in stroke and cognitive deficits. By 20 years of age, 10% of individuals with SCA have overt strokes 4 and 39% have silent cerebral infarcts (SCIs). 5, 6 Cognitive deficits associated with both silent and overt stroke in SCD are well established. [7] [8] [9] However, more recent findings indicate cognitive deficits commonly occur even in the absence of stroke or SCI. [10] [11] [12] The majority of research investigating development and cognition within SCD has focused on school-aged children, but limited data available for infants and toddlers suggest that cognitive deficits appear well before the age of 5 years. 13 In fact, infants with SCD have shown developmental delays during the first year of life 14 and decreases in mental abilities between 12 and 24 months. 15 Furthermore, behavioral adaptation decreases between ages of 7 and 18 months. 16 Among school-aged children with SCD, measures of intelligence appear to decline over time, 10, 17, 18 with decreases in full-scale IQ by approximately one point per year. 18 Based on our work 19 and on that of others, 20, 21 we conclude that cognitive deficits exist in children with SCD well before they reach school age, and these deficits intensify with age.
In addition to biologic risk factors associated with SCD, environmental factors also contribute to family function and child development. 22 Children with SCD are more likely to live in racially and economically segregated neighborhoods. 23, 24 In a longitudinal cohort of 24 toddlers with SCD, a combination of biomedical and parenting risks accounted for 42% of the variability in cognitive function. 15 Reports of daily maternal stress or feelings of helplessness to support their children indicated low self-efficacy and increased parenting risk.
While biologic factors have been associated with neuropsychological measures among children with SCD in higher socioeconomic status (SES) families, 20 factors such as lower income and parent education may have a more profound negative impact on cognitive development than disease-related factors. Previous work has identified the relationship between family income and developmental progress in young children. 16 Compelling evidence indicates that a broader approach to health and well-being may be required to address the bio-psycho-social needs of young children with SCD, enabling them to live full, meaningful lives.
Children with chronic medical conditions require comprehensive care that addresses both medical and psychosocial needs to better control their disease and ultimately maximize function at home, in school, and the community. 25, 26 Considering the complexity of care and frequent hospital visits required for young children with SCD, a home visitation program may support comprehensive patient care. Home visitation is recognized as an effective method for providing education and addressing the psychosocial needs of families. Intervening at this level has been shown to positively influence child development. 27 Home visitation programs supporting high-risk populations have resulted in improved language, problem-solving skills, social development, and academic achievement, in addition to decreases in abuse and neglect. [28] [29] [30] Home visitation programs are also effective in improving the quality of the home environment (e.g., increasing safety, parentchild interactions), as assessed by the Home Observation for Measurement of the Environment (HOME). 30 One such program, Parents as Teachers R (PAT), focuses on the parent-child relationship, knowledge of development, and language acquisition. We have previously shown that a home visitation program with parents of infants and toddlers with SCD is feasible 31 and that this population demonstrates cognitive deficits. 19 Given the identified association between a child's environment and developmental progress and the high risk for delay in SCD, a home visitation model that targets the environment through constructs including parent-child interaction and parental understanding of child development may help minimize the negative impact of SCD and poor environmental factors on cognitive and language development.
The specific aims of this study were to describe the impact of PAT in ameliorating the cognitive deficits of young children with SCD
enrolled in an open trial in our longitudinal cohort 31 and to examine the relationship of home environment and SES to cognitive development.
We hypothesized that implementing a home-based parent education model using PAT would improve developmental outcomes. is a standardized, therapist-administered evaluation that is normed for children between the ages of 1 and 42 months to identify delays in development. Five subtests of the BSID-III were administered: cognitive (91 items), receptive language (48 items), expressive language (EL) (49 items), fine motor (66 items), and gross motor (72 items). The number of items administered varied depending on the child's age at the time of assessment. Raw scores were converted to scaled scores. 32 A scaled score of 8-12 is average, with a score of 10 corresponding with the 50th percentile. A scaled score of 7 or less is at least 2 standard deviations (SDs) below the mean and considered below average.
METHODS

Participants
2.2.2
Infant/Toddler HOME Inventory (HOME)
The child's living environment and interactions with their primary caregiver were assessed via semistructured interview and observation.
The HOME includes six subscales: responsivity (11 items), acceptance (eight items), organization (six items), learning materials (nine items), involvement (six items), and variety (five items). Raw scores for each subscale are summed to determine the total score, which is categorized as representing the lower fourth, the middle half, or the upper fourth of scores as compared to normative data. 33 
Socioeconomic status
SES was approximated using methods outlined by Diez-Roux et al., 34 utilizing the participant's address and the American Community Sur As a proxy for social needs, a record of referrals to local resource and support agencies provided during home visits was maintained.
Examples of referrals made to outside agencies include, but are not limited to, early intervention services; SLCH Safety Stop; United Way;
Missouri LIHEAP (energy assistance); Women, Infants, and Children (WIC) Nutrition Assistance; and Nurses for Newborns. The decision to provide referrals was at the discretion of the provider depending on the family's stated concerns.
Biologic measures
To account for disease severity in our analysis of developmental outcomes, we abstracted hematocrit and oxygen saturation from within 30 days of the initial BSID-III assessment from the participants' medical records.
PROCEDURE
Hoyt-Drazen and colleagues 19 report results from Phase I of this study in which caregivers consented to child developmental and home environment assessments. The initial BSID-III was completed in a private room with minimal distractions at SLCH prior to initiation of the home visitation program. The cohort for Phase II was formed from this initial cross-sectional cohort and included child-caregiver dyads who consented to participate in an accredited PAT Born to Learn R curriculum with ongoing assessment using the BSID-III and HOME. Participants were eligible for Phase II until 36 months of age due to the age constraints of the PAT curriculum. A small subgroup of eight participants from Phase I did not consent for Phase II of the study with PAT, but they did consent to longitudinal developmental evaluations with the BSID-III.
An occupational therapist (OT) certified in the PAT curriculum provided all instruction and completed the BSID-III and HOME assessments. Home visits were scheduled monthly but could be rescheduled or canceled at the family's discretion. The PAT curriculum has a standardized format for each 60-min visit that includes open discussion between the provider and caregiver; a child-based, developmentally appropriate activity that is standardized for each month of age;
and handouts related to developmental skills and safety awareness for that month of age. To ensure standardization of the intervention, each visit was planned according the PAT curriculum model according to the child's age. 31 Developmental assessments were completed every 3 months for children less than 1 year of age and every 6 months for children between the ages of 12 and 36 months. Parents were given an evaluation summary following each BSID-III with suggested activities to promote development with the opportunity to discuss results.
The HOME was completed during the first home visit and upon exit at participant age of 36 months or after approximately 12 months of participation.
The provider addressed family concerns with discussion and handouts. If deemed appropriate by the provider, families were provided with additional handouts or readings and referred to community agencies for added support. The provider verbally determined whether the community referral was accessed at the subsequent home visit.
ANALYSIS
Statistical analyses were performed using IBM SPSS Statistics (Version 22, Chicago, IL). Data were described as mean (±SD) or median (interquartile range [IQR]) depending on data distribution.
Parametric comparisons were performed with a Student t-test;
nonparametric comparisons were performed with the Wilcoxon signed ranks test or Mann-Whitney U-test, and Pearson r described bivariate correlations. Significance was achieved with a P value of 0.05.
Multivariate linear regression models of the final cognitive and EL domains of the BSID-III were performed with a block entry approach.
Covariates included within the multivariate models were chosen a priori: the number of participants limited a baseline model to the total number of visits from the PAT provider, total HOME score on enrollment, and BSID-III subtest score upon enrollment. Additional covariates were then added, individually, to the baseline model to assess whether they improved the model, including parent and child age at enrollment, Diez-Roux z-scores, hematocrit, peripheral oxygen saturation, number of additional handouts provided at the home visit and referrals to community agencies.
RESULTS
Caregivers consented to participate in assessments of child development and home environment during Phase I. 19 From this initial crosssectional cohort, 81% (N = 43) of the families chose to participate in Phase II, which included the home visitation program. Of the 43 participants consented for Phase II, 35 participants had at least two PAT visits including BSID-III assessments over a mean of 17.2 (±8.6) months. Table 1 Increased mean scores were found in all five subscales between enrollment and exit testing in participants receiving PAT. The greatest effects were observed in cognition (P = 0.016) and EL (P = 0.002).
Conversely, there was a decrease in mean score between enrollment and exit in the gross motor, fine motor, and cognitive subscales in the participants not receiving home visitation with PAT (Table 2) . Participants receiving PAT completed a median of 4 (IQR 2-4) BSID-III assessments, while those not receiving PAT completed a median of 2 (IQR 2-3) assessments.
Controlling for the total number of PAT visits and total HOME and BSID-III subtest scores on enrollment, multivariate linear regression models of the final cognitive and EL domains of the BSID-III were performed within the cohort receiving PAT. The multivariate model accounted for 24% of the variability in exit cognitive subscale scores (see Tables 3 and 4 ). The total HOME score upon enrollment was a significant predictor of the exit cognitive score (P = 0.036), with an increase in cognitive scores by 0.15 points for every 1-point increase in the total HOME score (Table 3) . When the other prespecified variables were added, separately, to this model, none were significant predictors of the exit cognitive score, including parent age (P = 0.760), child age (P = 0.274), Diez-roux score (P = 0.839), hematocrit (P = 0.240), peripheral oxygen saturation (P = 0.439), additional handouts or readings (P = 0.350), and referrals to community agencies (P = 0.608). The multivariate model accounted for 21% of the variability in exit EL scores.
The enrollment EL score was significant (P = 0.040) in the multivariate model, with an increase in the exit EL by 0.35 points for every 1-point increase in the initial score (Table 4) . When the other prespecified variables were added, separately, to this model, none were significant predictors of the exit EL subscale score, including parent age (P = 0.322), child age (P = 0.380), Diez-roux score (P = 0.696), hematocrit (P = 0.162), SpO 2 (P = 0.156), additional handouts (P = 0.211), and referrals to community agencies (P = 0.739). [2.00-10.00], P = 0.024). There was no difference in the Diez-Roux z-score (P = 0.669), age of the primary caregiver (P = 0.736), age of participant upon enrollment (P = 0.396), or number of referrals made to outside agencies (P = 0.409) between those with one or two HOME assessments. For those 40% with multiple assessments, the total HOME score trended toward improvement over time but
TA B L E 1 Description of cohort
was not significantly different, most likely due to being underpowered with a sample size of 14. Scores on the acceptance subscale decreased as the child aged (P = 0.028), but all other subscales improved longitudinally, with the organization (P = 0.029) and learning materials (P = 0.010) subscales having the greatest improvement (Table 5) .
TA B L E 5 HOME assessment scores (N = 14) 
DISCUSSION
We found significant improvement in cognitive and EL domains of the BSID-III in infants and toddlers with SCD who participated in a home visitation program with a certified PAT provider. We report the first longitudinal cognitive assessments in conjunction with an evidencebased home visitation intervention within the SCD population. Cognitive deficits associated with SCD appear within the first 2 years of life [14] [15] [16] and progressively worsen with age. 35, 36 Unfortunately, medical interventions to date have not improved cognitive outcomes. 37 Our current findings are highly encouraging when compared with previous reports of decline in mental abilities of infants and toddlers with SCD between the ages of 12 and 24 months. 15 The association between the total HOME score and exit cognitive BSID-III score is consistent with prior reports highlighting the association of environmental factors with cognitive dysfunction in children with SCD. 16, 20, 38 The home visitation model is now being applied to high-risk medical populations and to those who are high-risk secondary to SES. 39 However, this is the first study to identify home visiting as a possible method for addressing cognitive decline in young children with SCD. Specifically, PAT had a direct effect on school readiness and subsequent academic achievement through the third grade in a cohort of over 4,000 children in Missouri public schools, 40 which is directly applicable to our cohort based in St. Louis, Missouri. While shown to be an effective approach, application of a home visitation intervention to the SCD population is novel.
The premise of PAT is that parents are in the best position to influence a child's ability to learn. Our results support the concept that readiness to learn is enhanced by increasing a parent's connectedness to their young child. The greatest functional improvements were in cognition and EL. To an extent, children may acquire motor and language skills independently through play, but more complex tasks, such as conceptual learning (i.e., numbers, letters, pretend play, problem solving) and language, require caregiver interaction and responsiveness. 41, 42 Lack of interaction and conversation between caregivers and young children results in delay in both cognitive and EL development. 43 The home visitation program implemented within the present cohort focused on providing education and guidance to caregivers regarding child development and encouraging frequent, positive caregiver-child interactions. We hypothesize that the developmental progress within our cohort was due in part to positive changes in parenting and home environment facilitated by the PAT curriculum. While the improvements in the cognitive and EL domains are promising, receptive language and motor development domains did not show significant improvement. Children in less-nurturing environments may be required to be more self-sufficient in certain tasks, such as holding bottles, self-feeding, or retrieving toys and other desired objects, allowing for a more rapid development of gross motor skills. Hence, changes to the home environment may have a greater impact on cognitive and EL domains than motor domains.
The current study was a single-arm intervention funded as a pilot 
